BACKGROUND Myocardial disarray is a likely focus for fatal arrhythmia in hypertrophic cardiomyopathy (HCM). This
with HCM is extensive myocardial disarray (4, 5) , and this is a likely focus for re-entrant ventricular arrhythmias leading to SCD (6) .
Measuring the extent of disarray could provide a better and more mechanistic marker of arrhythmic SCD, were disarray not solely a post mortem finding.
Diffusion tensor cardiac magnetic resonance (DT-CMR) is a novel imaging technique capable of visualizing myocardial
microstructure by mapping the diffusion of water molecules. DT-CMR is technically challenging and acquisition times are prohibitively long due to low signal-to-noise ratio (SNR). Thus, DT-CMR has largely been used ex vivo. Extensive validation against histology has shown that the greatest diffusion occurs along the length of myocytes and demonstrates the classical counterclockwise rotation of helix angles (HA) from a left-handed helix in the epicardium, circumferential in the mid-wall, to a right-handed helix in the endocardium (7) (8) (9) . Diffusion in the other 2 dimensions corresponds to the laminar organization of myocytes in sheetlets and sheetlet-normal directions (10) . Recent advancements in pulse sequence design and magnetic resonance hardware have now made in vivo DT-CMR feasible and reproducible in humans (11, 12) . Ariga et al.
DT-CMR in HCM Disarray and Ventricular Arrhythmia prospectively to undergo DT-CMR at 3-T (TIM Trio, Siemens) using the same stimulated echo acquisition mode single-shot echo planar imaging sequence as our previous intercenter reproducibility work (11 calculated from the diffusion tensor quantifies the directionality of water diffusion within each imaging voxel (2.8 Â 2.8 Â 8 mm 3 ) as its motion is impeded by several million myocytes and the surrounding interstitium. Without barriers, water motion is random and equal in all directions, which can be represented as a sphere using the diffusion tensor and has an FA of zero (perfect isotropy). Cell membranes act as barriers restricting water motion along the long axis of myocytes. Thus, FA is expected to be high in voxels with coherently aligned myocytes with a consistent orientation. Conversely, FA is expected to be low in voxels with differing myocyte orientations and in hypertrophic cardiomyopathy (HCM) due to disorganized cell orientations and expanded extracellular volume (ECV) (39) .
Ariga et al. 
Streeter's classic micrograph of transmural variation of helix angles from endocardium (0% wall thickness) to epicardium in a canine left ventricle (15) (A). Approximately 3 DT-CMR imaging voxels (2.8 Â 2.8 Â 8 mm 3 ) span the myocardium transmurally in diastole (B). In the endo-and epicardial voxels, myocytes are progressively changing from a longitudinal to circumferential orientation and vice versa, respectively. There are no marked transmural differences in myocyte diameter or fibrous tissue in healthy myocardium (40) . Therefore, the wide distribution of myocyte orientations in the endo-and epicardium will reduce FA. Conversely, the narrow distribution of orientations in the mid-wall where myocytes are consistently circumferentially orientated will elevate FA (C). Myocyte disarray and fibrosis in the mid-wall will reduce FA, due to the wide distribution of disorganized myocyte orientations and expanded extracellular space (39) , but the overall mean voxel helix angle remains in the circumferential orientation (D). Thus, helix angle is expected to be normal despite abnormal FA. LV ¼ left ventricular; other abbreviations as in Figure 1 . Figure 3A ). No group differences were detected in ADC, HA gradient, or SNR estimates.
SA was reduced in HCM compared with control subjects in the segment of maximum thickness, that is, HCM diastolic sheetlet populations were radially, rather than longitudinally, orientated (circular mean 5 AE 23 vs. 84 AE 31 ; p < 0.0001) ( Table 3) . and patients with hypertrophic cardiomyopathy (HCM) (B-D) demonstrated similar HA distributions, but marked differences in FA. There was an almost complete midwall ring of high FA (yellow/orange) in control subjects (A), consistent with the classical description of circumferentially aligned mid-wall myocytes (E), which was also present in the HA map. By contrast, this ring was disrupted by reduced FA (B and C) or was absent (D) in HCM. These patterns were consistent with previously published HCM histology that shows disarray and fibrosis invading the mid-wall at the insertion point and hypertrophied segments (E) (14) . Low FA in the anteroseptum matched areas of focal LGE and elevated ECV (C) in keeping with fibrosis contributing to low FA. But low FA could not be explained by fibrosis in all cases. In some instances, low FA in the anteroseptum was present with no detectable LGE or elevated ECV (B). Low FA also extended beyond areas of patchy LGE and elevated ECV, with no remnants of a mid-wall ring (D). Thus, low diastolic FA is likely to represent disarray after accounting for fibrosis, which can, for the first time, be measured in vivo and noninvasively, providing a potentially independent marker for HCM risk stratification. NSVT ¼ nonsustained ventricular tachycardia. To examine the relationships between FA, fibrosis, and maximum wall thickness in patients with and without ventricular arrhythmia, we used logistic with no adverse effect to life expectancy (24) . Another factor is that FA measured using a stimulated echo diffusion sequence is affected by cardiac strain, which is most marked at peak systole (20) . Although this Values are slice mean AE SD, and for SA, circular mean AE SD. Bold p values are significant.
CENTRAL ILLUSTRATION
ADC ¼ apparent diffusion coefficient; DT-CMR ¼ diffusion tensor cardiac magnetic resonance; FA ¼ fractional anisotropy; HA ¼ helix angle; HCM ¼ hypertrophic cardiomyopathy; SA ¼ sheetlet-normal angle in segment of maximum thickness (0 o denotes radial orientation of sheetlet populations); SNR ¼ signal-to-noise ratio. Continuous monitoring via ICD in HCM has shown a higher prevalence of NSVT than Holter monitoring (29) . NSVT is a recognized marker of arrhythmic potential for precipitating SCD (30) (31) (32) ; however, most patients with NSVT do not die suddenly, suggesting heterogeneity within this group (33) . The underlying structural substrate may be one source of this heterogeneity, and future studies will need to assess the relationship between extent, distribution, and location of disarray versus fibrosis with SCD or aborted SCD. In practice, using FA as a composite marker of disarray and fibrosis, rather than dissociating the fibrotic component, would be more convenient but may also be clinically useful as both these histological abnormalities are intrinsically linked to arrhythmic risk (4, 21) .
STUDY LIMITATIONS. We were unable to study patients with severe breathlessness due to the repeated prolonged breath-holding requirements for DT-CMR.
Participants had to provide consistency in the rate and depth of breath-holding to ensure the myocardium remained in an identical position during Abbreviations as in Figure 1 . Our patients were relatively low risk because we could not include those with ICDs; thus, in this hypothesis-generating study, we could only test for association with predictors of risk rather than events.
To document clinical utility of low FA for deciding whom to treat with ICD, we will need to measure its association with hard endpoints such as SCD, aborted SCD, and appropriate therapies from ICDs implanted after initial FA measurement. This will need to be tested prospectively in large-scale multicenter studies and registries such as the Hypertrophic Cardiomyopathy Registry (38) . DT-CMR in HCM Disarray and Ventricular Arrhythmia
